The effects of thermomechanical processing (TMP) with iterative cycles of 10% cold work and strain annealing, on corrosion and stress corrosion cracking (SCC) behavior of alloy 600 was studied. The associated microstructural and cracking mechanisms were elucidated using transmission (TEM) and scanning electron microscopy (SEM), coupled with precession electron diffraction (PED) and electron back scatter diffraction (EBSD) mapping.
Introduction
Grain boundary engineering (GBE) has been demonstrated as a viable method for improving the resistance to corrosion [1] [2] [3] and stress corrosion cracking (SCC) [4] [5] [6] [7] [8] in austenitic stainless steels (SS) and Ni based alloys (alloy 600, alloy 690). GBE involves increasing the frequency of coincident site lattice (CSL) grain boundaries whilst disrupting the random grain boundary network through thermo-mechanical processing (TMP) routes.
These routes involve cold rolling or uniaxial tension/compression followed by annealing and have been used to increase the frequency of CSL boundaries [1, 3, [9] [10] [11] . One approach involves pre-straining the material followed by annealing at comparatively lower temperature for a long time (24-72 hours) . Another multi-cycle approach uses two or more iterations of cold work (6-30%) followed by relatively high temperature annealing for short times minutes) and has also been shown to increase the low CSL boundary fraction [11, 12] . In addition, the multi-cycle approach results in numerous disruptions in the random high angle grain boundary (HAB) network. Further, a significant improvement in the corrosion and stress corrosion cracking has been attributed to these changes in the microstructure [13, 14] .
Alloy 600 and austenitic stainless steels have been known to be susceptible to SCC in polythionic acid environments [15] [16] [17] [18] . Susceptibility to SCC at low temperature in tetrathionate and thiosulfate environments has been attributed to Cr depletion in the area surrounding the grain boundary. A reduction in Cr depletion by disrupting the random grain boundary network or increasing the fraction of special/low CSL boundaries decreases the susceptibility to SCC [19] .
Twin boundaries are more resistant to carbide precipitation and corrosion because the atomic structure is highly coherent as compared with high angle grain boundaries. In particular, Σ3 and Σ9 boundaries in GBE SS304 have been observed to be more resistant to sensitization, whereas Σ27 and other CSL boundaries were not really "special" in terms of 3 their resistance to sensitization and thus intergranular stress corrosion cracking (IGSCC).
Thus, it has been suggested that increased fraction of Σ3 and Σ9 and other low CSL boundaries would likely improve the corrosion and SCC resistance [20] [21] [22] [23] .
The purpose of this study was to evaluate the susceptibility of grain boundaries of known character to intergranular corrosion and their resistance to SCC. In this study, we use multi-step TMP to increase the fraction of low CSL boundaries. Electron back-scattered diffraction (EBSD) is used to characterize changes in the microstructure after TMP.
Transmission Electron microscopy (TEM) and Precession Electron Diffraction (PED) were also used to characterize the microstructure and precipitation of carbides after sensitization.
Double loop Electrochemical Potentiokinetic Reactivation (DLEPR) and intergranular
corrosion tests were used to evaluate the corrosion resistance. We also performed slow strain rate tests to evaluate the susceptibility to intergranular SCC after TMP. EBSD mapping of regions around crack tips after DLEPR tests, corrosion (ASTM G28) tests and interrupted slow strain rate tests (SSRTs) were used to study the interaction of cracks with various types of boundaries and triple junctions to explain the improvements in grain boundary engineered Alloy 600.
Materials and Methods

Thermo-mechanical processing and characterization
Alloy 600 plate (2 mm thickness) with chemical composition as shown in Table 1 was given an annealing treatment at 1050˚C for 10 minutes and then water quenched (WQ). For TMP, these plates were cold rolled 10% and subsequently annealed in a furnace for 10 minutes at 900 ˚C or 1000 ˚C, then water quenched. This cycle was repeated 3 times to obtain 2 heats of thermo-mechanically processed Alloy 600, designated GBE1 and GBE2.
Processing details for all conditions are listed in Table 2 . [24] . Boundaries with 3 < Σ < 29 were considered to be CSL boundaries whereas boundaries with Σ > 29 were considered HABs and Σ =1 as low angle boundaries (LABs) [25] . Triple junctions (TJs) with no CSL boundaries, 1 CSL boundary, 2 CSL and 3 CSL boundaries have been classified as J0, J1, J2 and J3 respectively. For TJ analysis, only Σ3, Σ9
and Σ27 were considered as CSL boundaries.
TEM was used to characterize the precipitation behavior of carbides on grain boundaries of known character. Thin foils were prepared by conventional method including grinding, dimpling and finally ion-milling. Foils were obtained from SA and GBE1 samples after sensitization (650˚C, 2h) and analyzed with a Phillips CM-20 TEM operating at 200 kV. 
C
Double loop electrochemical potentiokinetic reactivation (DLEPR) and corrosion tests
All samples (SA, GBE1 and GBE2) were given a sensitization treatment in a laboratory furnace at 650˚C, 2h and water quenched (WQ) to induce precipitation of carbides.
These samples were mechanically ground to 1200 grit, wet polished with 1 μm diamond suspension and finished with 0.05 µm colloidal silica suspension. DLEPR tests were performed in a solution composed of 0.01 M H 2 SO 4 + 20 ppm KSCN using a Gamry Potentiostat (Reference 600) [26, 27] . The scan rate was set at 0.5 mV/s for activation and reactivation loop and the sample size was 1 cm 2 . Freshly prepared solution was de-aerated with high purity Argon gas before and during each test and all tests were performed at room temperature. Samples were kept immersed in the test solution for 1 hour at open circuit potential before the start of each test. The following procedure was used to quantify sensitization in the annealed and GBE material after sensitization [28] . 6 The degree of sensitization is reported as DL-EPR value (designated as R in %) which is the ratio of the current density in reactivation loop to that in the activation loop times 100.
(1)
The DL-EPR value obtained is normalized with various parameters like grain boundary area (GBA), grain size, mean lineal intercept length (MIL). The DL-EPR value of a given alloy condition (with ASTM grain size number of G') is normalized with the grain size (with ASTM grain size number of G) of the as-received material (SA) and is given by:
The DL-EPR values were also normalized with grain boundary area (S v , expressed in
The DL-EPR values were also normalized with mean intercept length (designated by l):
Here l is expressed in µm. The grain boundary area and mean lineal intercept length can be obtained from the number of intercepts per unit length (N L ) of the test line [29] . The N L can be calculated from the following equation [29] : (5) where N L is a number of intercepts per unit length and G is the ASTM grain size number. The mean lineal intercept (l) and the GBA, S v , are given by [29] : ,
To evaluate susceptibility to intergranular corrosion after TMP, all samples were given a sensitization treatment at 650 ºC, 2h and then tested as per ASTM G28 standard in 7 boiling ferric sulfate (25%)-sulfuric acid (50%) solution for 24 hours [30] . All samples were given a sensitization treatment at 650˚C, 2h, WQ before testing. Samples were mechanically ground to 1200 grit finish and weighed before and after testing. On completion of tests, samples were sectioned and polished for SEM and EBSD analysis. For a few tests, samples were polished before testing for EBSD analysis. This allowed for orientation mapping of the sample after the test without introducing polishing artifacts.
Slow strain rate tests (SSRT)
Flat tensile samples of alloy 600 (all three conditions after the same sensitization treatment as above), with dimensions as shown in Figure 1 , were fabricated using a wire EDM. Subsequently, these samples were polished to 1200 grit, degreased with acetone and ethanol, dried and immersed in the test solution for 1 hour prior to straining. A strain rate of 2 x 10 -6 /s was chosen for all tests and test solutions were prepared using reagent grade sodium tetrathionate (Na 2 S 4 O 6 ). SSRTs were performed with a system driven by a servo motor and fitted with a custom built environmental chamber. Load and displacement values were recorded periodically and samples were tested to failure. For interrupted SSRTs, samples were prepared using the same procedure that was used for EBSD sample preparation mentioned previously. SSRTs were interrupted at 11% and 20% nominal strain and the samples were examined using SEM/EBSD and orientation maps were recorded from areas on the gage section. 
Results
Microstructure and sensitization
EBSD generated grain boundary maps from the SA condition (initial microstructure) are shown in Figure 2 (GBE1 and GBE2). In addition, TJ fractions extracted from the orientation maps show a sharp drop in fraction of J0 type from 43% to 6-10%. J3 fractions increased from 3% (SA) to 38% for GBE1 and 35% for GBE2. These changes in TJ fractions are consistent with the GBE model proposed by Kumar et al. [11, 31] . Grain size after TMP increased modestly from ~11 µm in the SA condition to ~17 µm for GBE1 and 14 µm for GBE2 respectively. Trillo and Murr observed that carbides (M 23 C 6 ) precipitate first on HABs then at noncoherent twins in stainless steels, whereas no carbides were observed on coherent twin boundaries [32] . Zhou et al. also reported a higher resistance to carbide precipitation in special GB (Σ≤29) as compared with random GB [33] . In the SA condition, carbides GBE1 condition, shown in Figure 5 , intra-granular carbides were observed. No carbides were observed along other random high angle GBs. The spot pattern #2 in Figure 6 confirms that the carbide is of Cr 7 C 3 type. A number of Σ3 twins show no carbide precipitation.
The area observed in the TEM was limited due to grain size as well as lower random HAB fraction, which made the quantitative, statistical analysis of the precipitation behavior on grain boundaries of known character difficult. Hence EBSD-based orientation maps were 10 recorded after DL-EPR tests to provide both a larger area for analysis and better statistics of the precipitation behavior at various types of boundaries in the SA and GBE conditions.
Double loop electrochemical potentiokinetic reactivation (DLEPR) and corrosion weight loss tests
After a sensitization treatment of 650˚C, 2h (water quenched) and DLEPR tests were used to quantify the degree of sensitization (DOS) for each condition. The DOS value (R) for SA was 0.56%, but much lower for GBE1 and GBE2 conditions, being 0.06 and 0.12%, respectively. As the CSL fraction in the microstructure increased from 36% to ~ 70%, the susceptibility to sensitization was lowered as seen by the DOS or R value in Table 3 . SEM micrographs recorded after DLEPR test from the samples are shown in Figure 7 (a-c). The corresponding normalized DOS values (Table 3) i.e. R', R GBA , and R MIL all follow similar trends. It should be noted that twin boundaries were excluded from grain size analysis used for normalizing these values. The SEM micrograph and its corresponding skeletonized grain boundary map in Corrosion weight loss tests were also performed to evaluate the effect of increased CSL fractions and disrupted grain boundary network on the corrosion behavior. Baseline and GBE1 and GBE2 samples (after sensitization) were immersed in boiling Fe 2 (SO 4 ) 3 -50% H 2 SO 4 solution for 24 hours as per ASTM G28 standard [30] . SEM micrographs from the surface of samples after the test are shown in Figure 8 (a-f). Weight loss after tests and corrosion rates calculated after testing are summarized in Table 4 . Weight loss after 24 hours decreased from 5% (SA) to 0.67% while corrosion rates decreased from 16 mpy (SA) to ~ 2 mpy for GBE1 and GBE2 conditions. The attack was noticeably lower on the GBE1 and GBE2 samples as compared with the SA condition as seen in Figure 8 . Grain dropping was clearly observed in the SA condition while GBE1 and GBE2 showed discontinuous attack along grain boundaries. Figure 9 shows the SEM micrograph and corresponding grain boundary map for GBE1 condition after corrosion test (G28) for 24 hours. J0 type junctions consisting of all random HABs were attacked in all instances. J3 types of junctions were the most resistant with minimal or no intergranular attack. In J1 and J2 types, the CSL segments showed no attack in a majority of cases. This is consistent with other observations of termination of intergranular attack at low CSL boundaries during G28 tests [37] . 
Slow strain rate tests
The increase in the CSL fractions and lower DOS are indicative of less Cr depletion after TMP and may reduce the SCC susceptbility of alloy 600 in thiosulfate and tetrathionate solutions. Hence, SSRTs were performed to observe and quantify the susceptibility to IGSCC after TMP. Stress-strain curves obtained from SSRTs in tetrathionate (0.01 M Na 2 S 4 O 6 )
solution are as shown in Figure 10 . Tests were performed at the same strain rate and in the same environment for diect comparison of SCC behavior. 13 In case of SA, the elongation to failure in 0.01 M Na 2 S 4 O 6 solution was only 15% for SA condition while those for GBE1 and GBE2 condition were about 66% and 35%
respectively. Analysis of the fracture surface after tests showed ductile and mixed mode of failurefor GBE1 and GBE2 conditions respectively while SA condition showed 100% intergranular cracking. The signifcant difference in elongation to failure as well as failure analysis indicates that TMP improved resistance to SCC in alloy 600. Further, secondary cracks from the gage sections of samples were analyzed in greater detail and the results are discussed in the next section. 
Crack Analysis
Some SSRT tests were interrupted to analyze intergranular cracks along grain boundaries of known character. Cracks were observed on the gage section of the GBE2 sample and orientation, grain boundary maps from the gage section after 11% strain are shown in Figure 11 Therefore, we can infer that the grains adjoining and ahead of the crack front undergo severe plastic deformation. Similarly, Figure 13 (a, b) shows intergranular cracks on the gage section 15 after 20% strain. As in the case of the 11% strained sample, numerous instances of the crack arrest at TJs can be seen. 
Discussion
The results of this comprehensive study have led to a number of new findings on the behavior of grain boundaries on their sensitization, carbide precipitation, corrosion and SCC behavior of alloy 600 and related mechanistic aspects, which are discussed below.
The present results confirm a decrease in DOS after TMP has been attributed to increased fraction of twin boundaries and its variants [1, 2, 20, 28] . Additionally, CSL boundaries have been shown to be more resistant to precipitation of carbides and the resulting Cr depletion. Figures 4 and 5 show Cr carbides precipitated along random high angle boundaries. These Cr 7 C 3 type carbides precipitated during the sensitization treatment. EBSD on SA sample surface after DLEPR tests showed local attack on random HABs. In contrast, CSL boundaries particularly Σ3, 9 and 27 did not show any attack. For the GBE2 sample, no attack was observed along either HABs or CSL boundaries. This is consistent with the absence of Cr carbides along GBs in the GBE1 sample during TEM analysis. Bi et al. [19] reported precipitation of M 23 C 6 type of carbides in austenitic SS304 along random HABs while CSL segments were precipitation free [19] . In addition to reduced Cr carbide precipitation, Cr depletion was suppressed. Zhou et al. [33] reported that more than 90% of special GBs (Σ≤ 29) were resistant to carbide precipitation. Kurban et al. [36] also observed higher resistance to carbide precipitation in grain boundary engineered SS304. The decrease in DOS by almost an order of magnitude suggests that the higher CSL fraction as well as 16 numerous disruptions in HAB network reduced Cr depletion. In the GBE1 condition, no instances of localized attack were observed along random HAB or CSL boundaries, indicating that the Cr depletion was suppressed as seen from micrographs recorded after DLEPR tests (Figure 7 ).
TEM micrographs in
The probability for crack arrest at a TJ was calculated according to the three models proposed by Kumar et al. [41] , Palumbo et al. [39] and Marrow et al. [40] and have been plotted in Figure 14 .
Palumbo et al. [39] also proposed the following relation (Equation 7) to calculate the probability (P) of crack arrest,
where f sp is the fraction of special boundaries and f 0 is the fraction of interfaces in the distribution that are unfavorably oriented to the stress axis.
Assuming J3 type of junctions to be non-entities in crack propagation, Kumar et al. [11] proposed (Equation 8 ) that the percolative paths in the microstructure would be broken if,
Marrow et al. [40] observed cracks arrested at both J2 and J1 type of TJs and proposed the following (Equation 9),
where f a and f b (considered 1 and 0.5 respectively) are geometrical factors to account for unfavorably oriented sensitized boundaries at the triple junction. These probabilistic models provide a basis to evaluate microstructures that are indicative of the resistance to SCC. percolative intergranular corrosion in SS304L for microstructures with higher P R [14] . They also found that triple junction distribution fraction was a more important parameter to rank than maximum random boundary cluster length or grain boundary character distribution (GBCD). In this study, TMP increased the ratio (P R ) by five times that in the baseline microstructure and this reduced the SCC susceptibility significantly. The increase in probability of crack arrest (P) after TMP explains the increase in resistance to SCC observed experimentally. Cracks were more likely to encounter a resistant junction, and the reduced sensitization of random grain boundaries due to altered Cr diffusion behavior contributed to reduced SCC susceptibility.
A number of crack tips were used for statistical analysis of crack arrest at TJs of specific kind. Figure 15 shows observed fractions of crack arrest at a TJ, probability of finding a crack tip/TJ of a specific type, and fraction of types of TJs in the microstructure. About 52 crack arrest locations were identified in the GBE2 sample and considered for this analysis. The probability of finding a TJ of a specific type was calculated as per the procedure used by Seita et al. [42] . The assumption for this calculation is that for a given TJ, each GB (including low CSL such as Σ3, Σ9, and Σ27) is likely to be a cracked boundary. Subsequently, each of Although no CSL (Σ3, Σ9, Σ27) boundaries were observed to have cracked in this study, Σ9 and 27 are likely to crack at higher strain and in a more aggressive environment [22] . It is clear that disruption of HAB connectivity deflects and/or arrests cracks at some J0, but almost all J1 and J2 types. About 51% of crack arrest locations were J1 type of TJs while 32% were J2 type and the rest (15%) were J0 type ( Figure 15 ). The probability for crack arrest at J0, J1 and J2 type of TJ is 0.22, 0.37 and 0.42, respectively, and shows good correlation with the values of crack arrest locations determined from the EBSD observations and analysis of interactions of cracks with the different types of TJs. the observed values. In addition, a majority of cracked boundaries (all of them were random HABs) were observed to have inclination angle close to 70-90˚ with respect to the tensile axis. This is consistent with observations of intergranular cracks along boundaries inclined at angles close to 90˚ along the tensile axis [42] [43] [44] . It is evident that random HABs may be most susceptible to localized 19 intergranular attack, crack initiation and cracks tend to propagate along the random HAB network till they encounter a J1 or J2 type of junction.
Serial sectioning combined with 3D EBSD is currently being applied to further investigate the interaction between cracks and the 3D grain boundary network to further develop and extend the percolative models for quantification and prediction of crack arrest in 3D.
Conclusions
Iterative cold rolling and annealing was used to modify the GBCD in alloy 600 and its effect on carbide precipitation, Cr depletion behavior, intergranular corrosion and SCC was investigated in this study. The following conclusions can be drawn from this study,
1. The fraction of low CSL boundaries was increased after iterative steps of cold work and high temperature annealing and the random HAB network was disrupted.
2. TMP of alloy 600 decreased the degree of sensitization significantly (by an order of magnitude), carbide precipitation and chromium depletion at grain boundaries and, in turn, the corrosion rates were also significantly lower as compared with those in the SA condition. 4. The probability for crack arrest at low CSL grain boundaries as well as at a particular type of TJ (J1, J2), calculated using percolative models, was found to have increased after TMP, which also explains the increase in resistance to corrosion and SCC. [39] and Marrow et al. [40] for all conditions.
